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ABSTRACT
We present a study of the magneto-ionic medium in the Whirlpool galaxy (M51) using new wide-band
multi-configuration polarization data at L band (1-2 GHz) obtained at the Karl G. Jansky Very Large
Array. By fitting the observed diffuse complex polarization Q+iU as a function of wavelength directly
to various depolarization models, we find that polarized emission from M51 at 1-2 GHz originates from
the top of the synchrotron disk and then experiences Faraday rotation in the near-side thermal halo
of the galaxy. Thus, the scale height of the thermal gas must exceed that of the synchrotron emitting
gas at L band. The observed Faraday depth distribution at L band is consistent with a halo field
that comprises of a plane-parallel bisymmetric component and a vertical component which produces
a Faraday rotation of ∼ −9 rad m−2. The derived rotation measure structure functions indicate a
characteristic scale of rotation measure fluctuations of less than 560 pc in the disk and approximately
1 kpc in the halo. The outer scale of turbulence of 1 kpc found in the halo of M51 is consistent with
superbubbles and the Parker instability being the main energy injection mechanisms in galactic halos.
Keywords: ISM: magnetic fields—polarization—Galaxy: halo
1. INTRODUCTION
The origin and evolution of large-scale magnetic fields
in galaxies remains an unresolved fundamental question
in astrophysics (for a review, see e.g., Kulsrud & Zweibel
2008). Most of our knowledge of galactic-scale magnetic
fields come from studies of our own Milky Way. Differ-
ent probes such as diffuse polarized synchrotron emis-
sion (e.g., Carretti 2010; Wolleben et al. 2010), optical
starlight polarization (e.g., Heiles 1996), Zeeman split-
ting (e.g. Green et al. 2012) and Faraday rotation to-
wards background extragalactic polarized sources and
pulsars (e.g., van Eck et al. 2011; Mao et al. 2012a;
Han et al. 2006) have been used to infer magnetic field
structures in the Galaxy. However, interpreting these
observations is difficult due to complicated sight lines
through the Galactic plane, our inability to distinguish
signatures of large-scale fields from local magnetic fea-
tures, and pulsar distance uncertainties. Furthermore,
extracting the magnetic field structure of the Milky Way
from Faraday rotation measures (RMs) of extragalactic
sources and pulsars relies heavily on the assumed ther-
mal electron density distribution. Therefore, we turn to
external galaxies in order to obtain a clear picture of
large-scale magnetic fields in spiral galaxies.
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M51, the Whirlpool galaxy, is a prime candidate for
investigating the large-scale magnetic field structures.
In fact, it was the first external galaxy detected in lin-
ear polarization at radio wavelengths (Mathewson et al.
1972). Shorter wavelength observations soon followed
(Segalovitz 1976; Beck et al. 1987) and led to the tenta-
tive suggestion of a bisymmetric magnetic field configu-
ration (Tosa & Fujimoto 1978). A major step towards
understanding the polarized synchrotron emission from
M51 was made by Horellou et al. (1992), who derived
RM using Very Large Array data at 18 and 20 cm and
demonstrated that the resulting RM magnitude is too
small compared to the equipartition estimation of the
regular magnetic field strength. The authors concluded
that M51 is not transparent in polarization at 18 and 20
cm due to severe Faraday depolarization effects.
A general picture of M51’s large-scale magnetic field
emerges from modeling works by Berkhuijsen et al.
(1997) and Fletcher et al. (2011) using data at several
sparsely sampled wavelengths (3, 6, 18 and 20 cm). Both
found that the galaxy hosts distinct large-scale magnetic
fields in its disk and halo. Then Fletcher et al. (2011)
deduced that the disk field is dominated by an axisym-
metric mode, whereas the halo field is dominated by a
bisymmetric mode. Based on polarization observations
of a sample of Spitzer Infrared Nearby Galaxies Survey
(SINGS) galaxies at 18 and 22 cm, including M51, Braun
et al. (2010) proposed that the observed characteristic
polarization and Faraday depth modulations as a func-
tion of azimuth are produced by an axisymmetric spiral
field with a quadrupolar out-of-plane extension in the
galaxy’s near-side halo. M51 was also recently observed
at the Giant Metrewave Radio Telescope (GMRT) at 610
MHz (Farnes et al. 2013) and at the Low-Frequency Ar-
ray (LOFAR) at 150 MHz (Mulcahy et al. 2014), and
was found to be completely depolarized within the sen-
sitivity limit. At optical wavelengths, Scarrott et al.
(1987) showed that linear polarization of M51 forms a
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spiral pattern from the nucleus out to a radius of 4-5
kpc. However, NIR observations at 1.6µm conducted us-
ing the Mimir instrument on the Perkins telescope show
that the galaxy is unpolarized at a level of 0.05% (Pavel
& Clemens 2012). Clearly, much work is needed to con-
verge on a consistent picture of M51’s large-scale mag-
netic field to explain its polarized emission across a wide
wavelength range.
Structure functions of rotation measure can provide
information on turbulence in the interstellar medium
(ISM). Using RM structure functions of background ex-
tragalactic sources behind the Galactic plane, Haverkorn
et al. (2006, 2008) derived an energy injection scale of
several parsecs (comparable to the typical size of HII
regions) inside spiral arms and a scale around 100 pc
(comparable to the typical size of supernova remnants)
in inter-arm regions. Relatively little is known about
the outer scale of turbulence in the diffused ionized gas
in external galaxies – the structure function constructed
using RMs of extragalactic polarized sources behind the
Large Magellanic Cloud (LMC) led to an estimated scale
of 90 pc (Gaensler et al. 2005). In M51, Houde et al.
(2013), using angular dispersion analysis, derived a tur-
bulent correlation scale ∼ 100 pc in the disk of M51,
consistent with the Fletcher et al. (2011) result of 50 pc
obtained based on the dispersion of RM.
In this paper, we present new L band (1-2 GHz) Karl
G. Jansky Very Large Array (VLA) polarization obser-
vations of M51 which has the widest frequency coverage
compared to previous L band polarization observations
of the galaxy. With this broadband dataset in hand, we
directly model the measured Stokes Q and U as a func-
tion of wavelength to study both small and large-scale
structures in the magneto-ionic medium of the galaxy. In
Section 2, we describe the Jansky VLA observations and
data reduction procedures. We present Faraday depths
of background extragalactic sources and compute the
Milky Way foreground RM in the direction of M51 in
Section 3. In Section 3.3, we present the Faraday depth
cube obtained from the rotation measure synthesis tech-
nique. In Section 3.4, we present the results of directly
fitting to Stokes Q and U to various depolarization mod-
els. In Section 4, we interpret results of the QU fitting
and discuss the nature of the Faraday rotating medium
at L band. The observed Faraday depth distribution to-
wards M51 is compared to predictions from the Fletcher
et al. (2011) and the Braun et al. (2010) models in Sec-
tion 5. In Section 6, the RM structure functions are
presented and the outer scales of turbulence in the disk
and halo of M51 are extracted.
2. OBSERVATIONS AND DATA REDUCTION
M51 was observed as part of the science demonstra-
tion of the Expanded Very Large Array (EVLA) project.
Observations were carried out on 2010 September 6th,
2010 December 5th and 2011 April 10th in D, C and B
configurations respectively. Data were taken at L band
(971 MHz – 1995 MHz) in 8 spectral windows, each con-
sisting 64 2-MHz channels. The total time on source
was approximately 7 hours. 3C286 was observed at the
beginning and the end of each run for absolute flux den-
sity, bandpass and polarization angle calibration. Either
3C295 (J1411+5212) or J1313+5458 was used as the
complex gain and leakage calibrator and was observed
every 30 mins during each run.
Data calibration and reduction were carried out us-
ing the Common Astronomy Software Applications1
(CASA). Visibilities affected by radio frequency inter-
ference (RFI) were flagged using the automated flagging
algorithm RFLAG in CASA. The measurement sets were
carefully inspected for further RFI excisions. After flag-
ging, approximately 400 MHz of the total 1 GHz band-
width at L band remain usable. Raw data were then
binned into 8 MHz channels before calibration. Flux
densities were scaled to the Perley & Butler (2013a)
3C286 model. The measured polarization angles were
calibrated to 3C286, whose polarization angle is +33◦
across L band (Perley & Butler 2013b). Time dependent
antennae gains were solved on a per-spectral-window ba-
sis, while polarization leakage and absolute polarization
angle calibration were solved on a per-channel basis. Fol-
lowing the leakage calibration, the residual instrumen-
tal polarization level is below 0.25%. We have subse-
quently masked all pixels with fractional polarization be-
low 0.25%. We have verified, using Faraday rotation syn-
thesis that 3C286 has a Faraday depth consistent with
zero (−0.02 ± 0.03 rad m−2).
2.1. Imaging Total Intensity
After separately calibrating the measurement sets of
different array configurations, we have constructed a
Stokes I natural-weighted image across L band. We
have utilized the multi-scale, multi-frequency deconvo-
lution as implemented in CASA (Rau & Cornwell 2011)
which models the sky brightness as a linear combination
of both spectral and spatial basis functions. Two Tay-
lor terms were used to model the spectral dependence.
In order to model the extended emission in the field of
view, we used angular scales ranging from 0” (which cor-
responds to point sources) to 5.3’ (comparable to the
extent of the galaxy). We imaged a 30’×30’ field around
the phase center.
The resulting total intensity map, after primary beam
correction, is shown in Figure 1, with a noise level of 23
µJy beam−1 at a resolution of 10.9”×8.8”. A spectral
index2 map across L band is also produced and is shown
in Figure 2, with a typical uncertainty of 0.2. The total
integrated flux density of M51 is measured to be 1.4 Jy
at 1.478 GHz, which is in good agreement with previous
single-dish (Lequeux 1971) and interferometric observa-
tions (Segalovitz 1977; Dumas et al. 2011). Therefore,
we conclude that no large-scale flux is missing from our
new Jansky VLA multi-configuration data.
2.2. Imaging Stokes Q and U
To facilitate a Faraday rotation study, images of Stokes
Q and U are made at each of the 45 8-MHz channels using
multi-scale CLEAN, with angular scales spanning from
“zero” to 2.7’. Natural weighting scheme is used in order
to maximize the sensitivity to weak and extended polar-
ized emission. These channel maps are first made at their
original resolutions and then corrected for the response
of the primary beam. Subsequently, these images have
all been smoothed to a common resolution of 10.9”×8.8”
1 http://casa.nrao.edu
2 We define spectral index α as I = I0να.
3to match the resolution at the lowest frequency. The typ-
ical noise in a Stokes Q or U channel map is about 56
µJy beam−1, close to the theoretical noise level of about
51 µJy beam−1.
2.3. Computing Faraday Depths
When linearly polarized light travels through a magne-
tized medium, its plane of polarization rotates due to the
Faraday rotation effect. In the case where background
polarized emission experiences pure Faraday rotation in
a foreground medium, the angle of rotation in radians is
given by
∆ψ = RMλ2 (1)
where λ is the wavelength of the radiation measured in
meters and RM is the rotation measure. In the more gen-
eral case of mixed emitting and rotating medium along
the line of sight, or of multiple RM components within
the telescope beam, Faraday depth φ is defined as:
φ = 0.812
∫ observer
source
ne(l)B‖(l)dl rad m−2 (2)
In the above equation, ne(l) (in cm
−3) is the thermal
electron density, B‖(l) (in µG) is the line of sight mag-
netic field strength and dl (in pc) is a line element along
the line of sight. RM is equivalent to the Faraday depth
φ in the simple case of pure rotation caused by a single
component. We note that the electron column density
is more fundamental than the volume density because
a path length assumption is needed in order to convert
column density into volume density.
We have computed the Faraday depth of M51 at L
band using the RM synthesis technique (Brentjens & de
Bruyn 2005), followed by the deconvolution of RM spec-
tra using the RMCLEAN algorithm (Heald et al. 2009).
We stop cleaning when the peak of the spectrum falls be-
low 4 times the noise level. Given the frequency setup of
our observations, the rotation measure spread function
(RMSF) has a full width at half-maximum (FWHM) of
90 rad m−2, a great improvement over the restoring beam
of 144 rad m−2 of the Westerbork (WSRT) SINGS ob-
servation of M51 (Heald et al. 2009; Braun et al. 2010).
Moreover, the much improved frequency coverage of our
new VLA observations have significantly suppressed the
side-lobe level in the RMSF: the first side-lobe is at a level
of approximately 35% of the main peak (compared to
78% for the WSRT work). The higher resolution and the
much lower side-lobe levels of our Faraday depth spectra
enable us to better interpret structures in Faraday depth
(φ) space. The deconvolution algorithm will also perform
better because high side-lobes are less likely to be mis-
taken as real signal during RMCLEAN. For illustration,
we have plotted the RMSF of our VLA observations and
that of the WSRT observations (Heald et al. 2009) in
Figure 3. The channel width (8 MHz) limits our sensi-
tivity to Faraday depths < 7400 rad m−2. The highest
observing frequency (1.835 GHz) sets our sensitivity to
extended structure in φ space: the sensitivity drops by
50% for structures with φ extents greater than 118 rad
m−2.
3. RESULTS
3.1. Faraday Depths of Polarized Extragalactic
Background Sources
To extract reliable polarization information from ex-
tragalactic sources across the field and to avoid confu-
sion with diffuse emission associated with M51, we have
re-imaged the data in Stokes I, Q and U using only base-
lines longer than 350 m. We imaged a field of size 40’×40’
around the phase center, and thus “w-projection” was re-
quired to correct for non-coplanar effects. The resulting
images are only sensitive to emission on scales smaller
than 2’. The resulting Stokes I map has a noise level
of 25 µJy beam−1, whereas the Stokes Q and U 8-MHz
channel maps have an rms noise of about 45 µJy beam−1
with a beam size of 13.2”×8.7”. Coordinates of all polar-
ized sources in the field of view and their distance from
the pointing center are listed in Table 1. There are 5 po-
larized sources within 20’ from the pointing center: one
source with three components, two doubles and two un-
resolved sources. We form Q/I and U/I cubes using the
total intensity and spectral index map at the reference
frequency of 1.478 GHz.
Although RM Synthesis is an excellent tool to vi-
sualize polarized emission at various Faraday depths,
there is considerable ambiguity in extracting proper-
ties of the underlying Faraday structure using this ap-
proach, especially when there is complexity in the spec-
trum (Farnsworth et al. 2011; O’Sullivan et al. 2012).
The latest RM benchmark test for different Faraday de-
composition methods (Sun et al. 2014b) demonstrates
that directly fitting for Stokes Q, U as a function of λ2 is
most successful in recovering the correct components in
φ space. In addition, modeling the depolarization trend
can reveal properties of the magneto-ionic medium that
are otherwise hard to obtain, such as the relative dis-
tribution of synchrotron emitting and Faraday rotating
material as well as turbulent properties in the medium.
We first estimate the Faraday depth of each source (or
component) at the pixel with the highest signal-to-noise
detection in polarization using RM synthesis (Brentjens
& de Bruyn 2005). The result is subsequently used as
the initial parameter guess for a maximum likelihood fit
to Q/I, U/I as a function of λ2 to several models of
the synchrotron emitting and Faraday rotating region.
We consider the following models (i) a uniform external
Faraday rotating screen3; (ii) an inhomogeneous external
Faraday screen; (iii) an inhomogeneous Faraday screen
with a partial covering fraction; (iv) a Burn slab (con-
sists of well-mixed thermal and synchrotron emitting gas)
with a regular magnetic field; (v) a slab with both reg-
ular and random fields and (vi) two spatially unresolved
Faraday depth components. Expressions corresponding
to these models are listed in Appendix A. In addition to
maximum likelihood fits, least-square fits were performed
as well. We confirm that the two methods converge to
the same solutions. We select a model that provides a
satisfactory fit without introducing too many free pa-
rameters. More complicated models are accepted only
when they significantly improve the reduced χ2 of the
fit (at least at 5σ level) based on the F-test. In addi-
tion, we utilize the Bayesian information criterion (BIC)
3 The term screen is used throughout this paper to represent a
region which consists only of thermal electrons with no relativistic
electrons.
4 Mao et al.
defined in O’Sullivan et al. (2012)4 to select the best-fit
model. The BIC penalizes models with a large number
of free parameters and at the same time it allows for an
easy comparison of non-nested models. We have chosen
a criterion for the BIC such that only when BICmodel1 −
BICmodel2 > 30 do we favor the more complex model 2.
We list the fitted parameters, their uncertainties, χ2r
and the BIC for each source (or component) and for each
model in Table 2. The best fit models are indicated using
boldface font in the Model column. We show the polar-
ization data and the corresponding best fit models to
source J1330+4703b and J1329+4717 in Figure 4 and 5
respectively. Since off-axis frequency-dependent instru-
mental polarization response was not corrected for in our
data set, we choose to only report Faraday depths of
sources within 20’ from the pointing center. In Figure 6,
we plot our derived L-band Faraday depths (FD) against
those derived by Heald et al. (2009) for extragalactic po-
larized sources that overlap in both studies. Approxi-
mately 60% of sources in both samples have consistent
FDs within their measurement errors. This suggests a
good agreement between the two L band datasets.
We list the fractional polarizations and the Faraday
depths of sources that are present in both our VLA
data set and the Farnes et al. (2013) GMRT observa-
tions in Table 3. For these sources, we predict the frac-
tional polarization at 610 MHz using our best-fit models
and compare them to the observed values5. For 3 out
of the 6 extragalactic sources, predictions of the frac-
tional polarization at 610 MHz from our direct Q U fits
are consistent with the observed values. However, we
overpredict the fractional polarization for the remain-
ing 3 sources. This could be due to an additional unre-
solved and weakly-polarized steep-spectrum component
that dominates at low frequencies, resulting in the much
lower total fractional polarization at 610 MHz. We sug-
gest that a rigorous comparison should be performed only
after all off-axis instrumental polarization effects have
been calibrated out in both our Jansky VLA and the
GMRT Farnes et al. (2013) data sets. Using the 6 ex-
tragalactic sources with both 610 MHz and L-band po-
larization information, we find an average depolarization
ratio of 0.4 between 610 MHz and 1.4 GHz. We note that
Gießu¨bel et al. (2013) found an average depolarization of
extragalactic sources around M31 between 325 MHz and
1.4 GHz of ∼ 0.14. Since wavelength-dependent depo-
larization effects are less severe at 610 MHz than at 325
MHz, it is reasonable to obtain a higher depolarization
ratio (> 0.14) at 610 MHz.
3.2. Milky Way Foreground RM in the Direction of M51
Previous estimates of the Milky Way foreground rota-
tion measure in the direction of M51 have yielded very
different results. Horellou et al. (1992) estimated a fore-
ground RM of −5±12 rad m−2 by averaging RMs of
9 extragalactic sources in the Simard-Normandin et al.
(1981) catalog within 20◦ of M51. In the WSRT M51
work, Heald et al. (2009) obtained a foreground RM
4 We note that the value N in their Equation (14) should be
twice the total number of frequency channels.
5 The percent polarization listed in their Table 1 is an upper
limit because off-axis Stokes I, Q and U effects were not corrected
for.
value of +12±2 rad m−2 using the RMs of 5 extragalactic
sources detected in the field of M51.
To determine the Milky Way foreground RM, we only
use statistics of polarized extragalactic sources within 20’
of M51 detected in our VLA observations to minimize ef-
fects from uncorrected off-axis instrumental polarization.
Moreover, this criterion limits the variance in RM intro-
duced by fluctuations in thermal electron density and
magnetic fields in the Milky Way foreground. At the
Galactic latitude of M51 (b= +68◦), RM variance in the
Milky Way remains strong, up to 9 rad m−2 (Schnitzeler
2010). Since some extragalactic sources are located be-
hind neutral hydrogen tidal features with substantial col-
umn densities that could produce enhancements in Fara-
day rotation with even a low ionization fraction, we fur-
ther restrict our foreground sight lines to have HI column
densities < 1020 cm−2 in the Rots et al. (1990) HI map.
The median Faraday depth of the 6 sources (denoted
with * in Table 1) meeting these criteria is +13 rad m−2
with a standard error of 1 rad m−2, which we adopt as
the constant Milky Way foreground RM in the direction
of M51. Our Milky Way foreground estimate is consis-
tent with the Heald et al. (2009) estimation, but it is
very different from the Horellou et al. (1992) estimation
due to the large circle (radius 20◦) within which RMs of
extragalactic sources have been averaged in their study.
3.3. RM Synthesis Results of the Diffuse Polarized
Emission from M51
We determine the Faraday depth of diffuse polarized
emission from M51 using the RM synthesis technique
(Brentjens & de Bruyn 2005). Along each sight line, we
extract the peak polarized intensity and the correspond-
ing Faraday depth from the Faraday depth spectrum.
The resulting polarized intensity and Faraday depth dis-
tributions across the galaxy are displayed in Figures 7
and 8 respectively. Only pixels with signal-to-noise de-
tection in polarization greater than 7 are displayed6. As-
suming a single Faraday depth component along the line
of sight, we plot the magnetic field position angles (af-
ter correcting for Faraday rotation) on the Hubble Space
Telescope B band image (Mutchler et al. 2005) in Fig-
ure 9. There appears to be polarized emission which coin-
cides with the companion galaxy NGC 5195 and extends
westward. However, the relative distance of M51 and
NGC 5195 is required to determine if this polarization is
truly intrinsic to NGC 5195. Polarized synchrotron emit-
ting arms and optical arms form a complicated pattern
across the galaxy. The relative locations of the magnetic
and material arms were investigated in details by Patri-
keev et al. (2006). In this paper, we concentrate on the
structure of the synchrotron emitting and Faraday ro-
tating material along the line of sight. The integrated
polarized flux of M51 is measured to be 82 mJy which
is in excellent agreement with the value 81± 5 mJy re-
ported by Heald et al. (2009). We do not find evidence for
extended Faraday structures or multiple Faraday depth
components in the spectra: there exists no distinct mul-
tiple peaks at high significant levels in the spectra nor
are there signs of broadening of the main peak.
6 This is equivalent to 6σ in standard Gaussian statistics (Hales
et al. 2012).
53.4. Direct Fit to Q(λ2) and U(λ2)
We have performed a direct fit to Stokes Q and U as
a function of λ2 on a pixel-by-pixel basis across M51 us-
ing the O’Sullivan et al. (2012) maximum likelihood ap-
proach. We note that this is the first time this approach
has been applied to wide-band data of extended polar-
ized emission from galaxies: previous works involve fit-
ting Q(λ) and U(λ) of unresolved extragalactic sources.
In order to decouple depolarization from simple spec-
tral index effects, care has to be taken to estimate the
synchrotron fractional polarization. Unlike extragalactic
radio sources whose emission at L band is mostly non-
thermal so that one can simply divide out the observed
Q and U by I to correct for spectral index effects, the
situation for radio emission from a galaxy is complicated
by the contamination of non-negligible free-free emission
at L band. Based on radio data spanning frequencies
from 0.4 to 22.8 GHz, Klein et al. (1984) found the total
thermal fraction of M51 at 1.4 GHz to be 5% with an in-
tegrated synchrotron spectral index of −0.98 (Klein et al.
1984). From the radio spectral index map derived from
our VLA data (Figure 2) and that presented in Fletcher
et al. (2011), we see that the radio spectral index can
be as steep as −1.1 in parts of M51. Moreover, depend-
ing on how far above/below the mid-plane the emission
originates, the synchrotron spectral index could be even
steeper because of cosmic ray energy losses (e.g. Heesen
et al. 2009), unless there are localized outflows. Since
it is believed that the observed polarized emission at L
band originates from the top of the synchrotron emitting
disk in the galaxy’s near side (Fletcher et al. 2011; Braun
et al. 2010), we adopt a rather steep synchrotron spectral
index of −1.1 for all sight lines. We acknowledge that the
synchrotron spectral index likely varies across the face of
the galaxy and so for sight lines that have a shallower
spectral index, the amount of depolarization would be
overestimated. For this reason, we repeated the fitting
procedure assuming a synchrotron spectral index of −0.5
and the conclusion on the general properties of the Fara-
day rotating medium in M51 remains unchanged.
We assume the Milky Way foreground Faraday rota-
tion occurs in a screen in between us and M51, and
then consider the following models for M51’s magneto-
ionic medium: (i) uniform background polarized emis-
sion propagates through a uniform external Faraday ro-
tating screen; (ii) uniform background polarized emission
propagates through an inhomogeneous external Faraday
rotating screen ; (iii) a Burn slab that consists of a reg-
ular field and well mixed thermal and cosmic ray elec-
trons; (iv) a slab with both regular and random fields
and (v) two spatially unresolved Faraday components.
Equations that correspond to these models are listed in
Appendix A. We select the best fit model by compar-
ing the BIC for the fits to all 5 models. We select the
least complex model that minimizes the BIC and satisfies
BICmodel1−BICmodel2 > 30. We note that this BIC crite-
ria roughly corresponds to favoring model 2 over model
1 at ≥ 6σ level according to the F-test. We allowed
the Milky Way foreground RM in these models to be a
free parameter. Both Model (iii) and (iv) produce best-
fit Milky Way foreground RM values in the range of ∼
−200 rad m−2 to ∼ +140 rad m−2 with large pixel-to-
pixel variations. Since model (iii) and (iv) both yield
Milky way foreground RM values inconsistent with our
estimation of +13 ±1 rad m−2, we do not consider these
two models any further.
The Stokes Q and U versus λ2 trends can be well
fitted by Faraday rotation occurring in an external
screen. More specifically, approximately 84% of the
sight lines are consistent with a uniform screen, with-
out wavelength-dependent depolarization across L band,
while around 16% of the sight lines are consistent with
external Faraday dispersion produced by an inhomoge-
neous Faraday screen. Sight lines well described by ex-
ternal Faraday dispersion have σRM in the range 9 - 29
rad m−2, well exceeding the σRM due to the Milky Way
foreground at angular separations < 1◦. Therefore, we
attribute the depolarization to M51 instead of the Milky
Way. We show the spatial distribution of the derived
best-fit model in Figure 10. We will discuss implications
of this result in the next section. Since the best fit mod-
els of the medium do not cause any changes to the value
of Faraday depth along each sight line, we continue to
use the Faraday depth map derived using RM synthesis
(§ 3.3) in the rest of this paper.
4. THE NATURE OF THE FARADAY ROTATING MEDIUM
OF M51 AT 1-2 GHZ
4.1. Relative Scale Heights of Thermal and Cosmic Ray
Electrons
In Section 3.4, we showed that the observed trends of
Stokes Q and U against λ2 can be well fitted by models
where Faraday rotation takes place outside of the syn-
chrotron emitting region. This result on the geometry of
the Faraday rotating and synchrotron emitting medium
immediately implies that the scale height of the thermal
gas (the warm ionized medium) is greater than that of the
synchrotron emitting gas at 1.4 GHz. Statistically speak-
ing, scale heights of these two constituents of the ISM are
found to be similar: the typical synchrotron scale height
of edge-on galaxies is 1.8 kpc at 6 cm (Krause 2009),
while the mean Hα scale height (∝ n2e) is in the range
of 1−2 kpc (Rossa & Dettmar 2003). Non-zero Faraday
rotation in the halo of the Large Magellanic Cloud im-
plies comparable thermal and synchrotron scale heights
(Mao et al. 2012b). An extreme case would be M31,
which has a warm ionized medium three times thicker
than the synchrotron emitting medium (Fletcher et al.
2004). At the location of the Sun in our own Milky Way,
the warm ionized medium also has a larger scale height
(1.8 kpc, Gaensler et al. 2008) than the synchrotron thick
disk at 1.4 GHz (< 1.5 kpc, Beuermann et al. 1985). A
strong plane-parallel magnetic field compared to the ver-
tical component could confine relativistic electrons closer
to the mid-plane where they have been accelerated, re-
sulting in a smaller synchrotron scale height. Since there
is no observational evidence for a global outflow or a
galactic-scale wind in M51, we consider only diffusion
and streaming as the dominant cosmic ray transport
mechanisms in this galaxy. We can place a lower limit on
the thermal electron scale height by computing the syn-
chrotron scale height at L band using the synchrotron
cooling time and the particle transport velocity. The
synchrotron cooling time at frequency νGHz is given by
τsyn ≈ 109B−3/2µG ν−1/2GHz yrs (3)
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For a total plane-of-the-sky magnetic field strength of ∼
15 µG at 1.5 GHz (Fletcher et al. 2011), the life time
of cosmic ray electron is 1.4×107 yrs. If we assume that
the cosmic ray propagation is diffusive and a diffusion
coefficient D of 3×1028 cm2 s−1 as in the Milky Way
(e.g. Strong et al. 2007), then within the lifetime of these
cosmic ray electrons, they can diffuse up to a height of√
Dτsyn ∼ 1.2 kpc. In addition, we can place an upper
limit on the height of the synchrotron disk by assuming
that cosmic rays stream along field lines at the Alfve´n
speed into the halo:
vA = 2× 105BµG√
ni
cm s−1 (4)
For an ion number density of ni ∼ 0.1 cm−3, the Alfve´n
speed is 95 km s−1. Within the life time of these cosmic
ray electrons, they can travel up to a height of approx-
imately 1.4 kpc from the mid-plane if the field lines are
completely vertically directed. Since the thermal gas has
a larger extent than the cosmic ray electrons, the scale
height of the thermal gas must exceed 1.2 kpc. We sug-
gest that a systematic wide-band polarization survey and
careful modeling of Stokes Q and U against λ2 at L band
of nearby low inclination galaxies would be a novel ap-
proach to extract relative scale heights of different phases
of the ISM, hence allowing for a better understanding
of the source of ionization of the warm ionized medium
(WIM) and cosmic ray confinement in galaxies.
4.2. External Faraday Dispersion in the halo of M51
Most sight lines towards M51 do not exhibit any λ-
dependent depolarization across L band, suggesting that
the external Faraday dispersion effect is not severe across
M51 in this wavelength range. The Faraday screen is ei-
ther completely homogeneous, or that our observations
have a resolution much smaller than the characteristic
turbulent scale in the screen, leading to little / no exter-
nal Faraday dispersion effects. We show, in Section 6,
using RM structure function analysis that the latter is
indeed the case. We constructed the structure function
of the complex polarization (SFCP ) and that of the po-
larized intensity (SFpi)
SFCP (δθ) = 〈|P (θ)− P (θ + δθ)|2〉 (5)
SFpi(δθ) = 〈(p(θ)− p(θ + δθ))2〉, (6)
where P = Q+ iU and p = |P |. According to Sun et al.
(2014a), the relative steepness of SFCP (δθ) and SFpi(δθ)
can be used to diagnose whether the observed polar-
ized emission is intrinsic or heavily modified by a fore-
ground turbulent Faraday screen which randomizes the
distribution of polarization angles, reduces the observed
polarized intensity and moves power to smaller scales.
The authors showed mathematically that if the observed
polarized structure is mainly produced by a foreground
Faraday screen, then the slope of SFCP (δθ) would be sig-
nificantly shallower than SFpi(δθ). Intuitively, this can
be understood as SFCP (δθ) being dependent on the dis-
tributions of both the intensity and the angle, and hence
the slope of SFCP (δθ) would be flatter than SFpi(δθ) if
external Faraday dispersion is in action. In Figure 13, we
plot the structure functions SFCP and SFpi computed
using our L band M51 data. It is clear that SFCP (δθ)
does not have a shallower slope than SFpi(δθ). This sug-
gests that the observed polarized structures are mostly
intrinsic with little modification/depolarization due to
the foreground Faraday screen in M51’s halo, which is
consistent with the result of our direct QU fit in § 3.4.
4.3. Small-scale RM Fluctuation in the Halo of M51
While most of the sight lines through M51 do not show
λ-dependent depolarization within L band, 16% of the
sight lines through the galaxy do exhibit λ-dependent
depolarization described by external Faraday dispersion
(∝ e−2σ2RMλ4). Several regions of M51, including the nu-
cleus, the inner spiral arms and the region between M51
and the companion galaxy appear to experience more se-
vere λ-dependent depolarization: the dominant charac-
teristic turbulent cell size in these regions must be smaller
compared to the physical scale encompassed by the beam
(370 pc). Depolarization in these regions can be well de-
scribed by a median RM variance (σRM) of 15 rad m
−2.
By evoking a simple single-cell random magnetic field
model7 (e.g. Gaensler et al. 2001), one can relate the
random magnetic field strength in the halo Br,halo to the
variance of RM (σRM ), electron density (ne), cell size (l),
filling factor (f) and total path length D:
Br,halo =
σRM
0.812ne
√
3f
Dl
. (7)
Assuming ne = 0.05 cm
−3, l < 370 pc, D = 1 kpc and
f = 1, we estimate a lower limit of the random field
strength in the halo Br,halo to be 1 µG.
We search for spatial correlations of these more tur-
bulent regions in M51 with properties of the underlying
star-forming disk. HII regions on pc scales are a viable
source of energy input into the magneto-ionic medium
and they have been shown to drive RM fluctuations in
the Milky Way spiral arms (e.g., Haverkorn et al. 2006).
A large concentration of HII regions within the tele-
scope beam can effectively depolarize background emis-
sion. While we find some correspondence between lo-
cations of HII regions (Lee et al. 2011) and pixels that
exhibit external Faraday dispersion within ∼ 3 kpc from
the nucleus, there is little correspondence in the rest of
the galaxy. This is expected, since we have argued that
polarized emission at L band likely originates from the
top of the synchrotron emitting disk, there should be lit-
tle or no correlation of depolarization structures with HII
regions in the underlying disk.
We further investigate whether the more turbulent re-
gions revealed by polarimetry correspond to more tur-
bulent regions in neutral hydrogen. We use HI velocity
dispersion of M51 from the THINGS survey (Walter et al.
2008) and find that the sight lines exhibiting λ-dependent
depolarization within L band appear to have a slightly
higher mean velocity dispersion (24.0±0.2 km s−1) than
the rest of the galaxy (21.60±0.08 km s−1). We note that
HI velocity dispersion and depolarization of synchrotron
emission are completely different approaches that probe
turbulence in two different phases of the ISM. The fact
that these two very different measurements converge sug-
gests that the general ISM near M51’s nucleus and in the
7 Magnetic field strength in each individual cell has the same
magnitude but different orientation.
7region between M51 and the companion NGC 5195 has
been stirred up. Modeling depolarization trends of syn-
chrotron emission is thus an alternative way to identify
and characterize turbulent regions in a galaxy.
4.4. Reconciling the Derived Faraday Medium Structure
with Low Frequency Observations of M51
We check the consistency of our derived Faraday struc-
ture in M51’s halo with low frequency polarization obser-
vations of the galaxy, specifically the recent Giant Metre-
wave Radio Telescope (GMRT) observations at 610 MHz
(Farnes et al. 2013). M51 is found to be completely de-
polarized down to a sensitivity limit of 44 µJy beam−1
at a resolution of 24” with a bandwidth of 16 MHz. We
repeated our direct Q U fit (Section 3.4) after smooth-
ing the input Stokes Q and U cubes to a resolution of
24”. Assuming a synchrotron spectral index of −1.1 and
accepting a more complex model if the F-test gives a
significance level > 4σ, the predicted median polarized
intensity of M51 at 610 MHz is 30 µJy beam−1, below
the sensitivity limit of the GMRT observations. Thus,
the non-detection of M51 in polarization at 610 MHz is
consistent with our model at the 4 σ level. Since cosmic
ray electrons suffer less from energy losses and can prop-
agate further away from their acceleration sites at low
frequencies, the synchrotron scale height is likely larger
at lower frequencies. For example, if cosmic ray diffusion
dominates, then the synchrotron scale height should vary
as ν−1/4. We suggest that at frequencies below 1 GHz,
a part of the near-side halo may emit as well as Faraday
rotate. Since this emission will suffer from differential
Faraday rotation and internal Faraday dispersion, it is
unlikely to produce a significant amount of polarization.
Future deep wide-band polarization observations of M51
at low frequencies are much needed to further constrain
the properties of M51’s magnetized near-side halo.
5. LARGE-SCALE MAGNETIC FIELD STRUCTURES IN
THE HALO OF M51
5.1. The Fletcher Model
In the comprehensive modeling work of Fletcher et al.
(2011), based on the drastically different Faraday depths
and degree of polarization measured at long (18cm and
20cm) and short wavelengths (3cm and 6cm), the au-
thors concluded that there must be two distinct layers
where Faraday rotation occur in M51, designated as the
disk and the halo. In particular, polarized emission at
18 and 20cm originates from the top of the synchrotron
emitting disk, and only experiences Faraday rotation in
the thermal halo. Therefore, the Faraday structure of the
Fletcher et al. (2011) model agrees well with the result
of our direct QU fit (see Section 3.4): the thermal gas
has a larger scale height than the synchrotron emitting
gas at L band.
Next, we compare the observed Faraday depths at L
band with predictions from the Fletcher et al. (2011)
model. By fitting Fourier modes to the observed po-
larization angles averaged in azimuth sectors at four
sparsely sampled wavelengths, Fletcher et al. (2011)
found that M51 hosts disk and halo fields of different
topologies: the disk field is axisymmetric (with a weak
m=2 component), while the halo field is bisymmetric. In
the top panel of Figure 14, we show the observed Faraday
depth of M51 after removing the Milky Way foreground
RM (+13 rad m−2). In the middle panel of the same fig-
ure, we show the predicted Faraday depth distribution of
M51 at L band produced by the halo bisymmetric field
in the Fletcher model8. It is clear that the Fletcher et al.
(2011) prediction is on average much too positive com-
pared to the observed values.
The RM due to the Milky Way foreground is a free
parameter in the Fletcher model that is found to be
∼ +4 rad m−2 across all radii. This value is different
from our estimated Milky Way RM based on the me-
dian Faraday depths of background extragalactic sources
in the field (+13 rad m−2). There exists a degeneracy
between the Milky Way RM and an RM produced by
a vertical magnetic field in the halo of M51. Like the
Milky way foreground, a vertical magnetic field in the
halo of M51 will produce additional Faraday rotation at
both short (3 and 6 cm) and long (18 and 20 cm) wave-
lengths. In the bottom panel of Figure 14, we show the
predicted Faraday depths of M51 at L band from the
Fletcher et al. (2011) model with the addition of a ver-
tical field that produces an RM of −9 rad m−2. This
map clearly resembles the observed Faraday depth dis-
tribution much better – the value of the summed resid-
ual Σi (RMmodel,i−RMobserved,i)2 decreases significantly
from 1.6×107 to 1.3×107. We suggest that the discrep-
ancy between the observed Faraday depths of M51 at L
band and the Fletcher model prediction can be reconciled
if we include a coherent vertical magnetic field in M51’s
halo in addition to the bisymmetric plane-parallel com-
ponent9. A similarly weak but coherent vertical magnetic
field is also present in the halo of the nearby Large Mag-
ellanic Cloud (Mao et al. 2012b) and M33 (Tabatabaei
et al. 2008).
This coherent vertical field could be of either primor-
dial or of dynamo origin. While azimuthal fields in the
disk of the galaxy can diffuse away easily, the vertical
magnetic flux is essentially conserved 10(e.g. Sofue & Fu-
jimoto 1987). Thus, the measured vertical field in the
halo of M51 could reflect the field preserved since the
collapse of the protogalaxy. The expected magnitude of
the vertical field in this scenario depends heavily on the
initial seed field strength. On the other hand, dynamo
theory predicts vertical fields ∼ 10% of the plane-parallel
component. In particular, the ratio of vertical field to ra-
dial field follows from dynamo theory is given by
√
h/R
(Ruzmaikin et al. 1988) where h is the disk scale height
and R is the radius of the galaxy. Assuming h∼ 1 kpc,
R ∼ 10 kpc for M51 and the derived radial component of
the magnetic field in the Fletcher et al. (2011) model, we
obtain |RMBz | in the range of 7−21 rad m−2 in the halo.
Our derived magnitude of ∼ 9 rad m−2 falls comfortably
in this range.
5.2. The Braun Model
8 We have extended the model prediction out to a galacto-centric
radius of 9 kpc.
9 This coherent vertical field has a small component projected
onto the sky plane but this component does not emit synchrotron
radiation due to the lack of cosmic ray electrons in the halo.
10 The vertical magnetic flux is conserved unless there is a radial
flow that drags field lines out of the galaxy.
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5.2.1. Large-Scale Azimuthal Trends of Faraday Depth and
Polarized Intensity
Using a sample of WSRT SINGS galaxies, Braun et al.
(2010) proposed that galaxies have axisymmetric spiral
fields with a quadrupole field geometry in the nearside
halo. At L band, the polarized emitting zone is con-
centrated 2-4 kpc above the mid-plane, this emission is
then Faraday rotated at a height of 4−10 kpc above the
mid-plane in the near-side halo. This picture of Faraday
rotation taking place in a purely thermal halo is consis-
tent with the result of our direct QU fit in Section 3.4,
though the exact vertical extents of the emitting and ro-
tating zones may not agree.
The geometry of the magnetic field manifests itself in
the polarized intensity versus azimuth and Faraday depth
versus azimuth trends. In particular, one expects asym-
metry in polarized emission at L band with a global
minimum in polarized intensity near the receding ma-
jor axis11. Meanwhile, one expects a minimum Faraday
depth (a value closest to the Galactic foreground) near
the approaching major axis (position angle of −10◦). In
Figure 15 and 16, we plot the measured peak polarized
intensity as a function of azimuth (AZ = 0◦ at the reced-
ing major axis) and the peak Faraday depth as a function
of azimuth averaged across all radii in 10◦ bins. Error
bars in the plot represent the standard deviations of po-
larized intensity and Faraday depths within a bin. We
can not readily identify any visible azimuthal trends in
these plots. Our derived polarized intensity and Faraday
depth modulations as a function of azimuth are visibly
different from those presented by Braun et al. (2010).
This disparity could potentially be caused by a different
de-projection of the galaxy: we have adopted an inclina-
tion angle of 20◦ (Tully 1974; Shetty et al. 2007), whereas
Braun et al. (2010) assumed an inclination of 42◦. The
use of a different signal-to-noise cutoff in polarization de-
tection when making the azimuth plots may also lead to
different azimuthal modulations.
In the Braun et al. (2010) work, instead of directly pre-
dicting the azimuth modulations of the Faraday depth
and polarized intensity, trends of the integrated line-
of-sight (
∫
B||dl) and plane-of-the-sky (
∫
B⊥dl) magnetic
fields were presented. The observed Faraday depth is
a convolution of the line-of-sight magnetic field and the
thermal electron density distribution while the observed
polarization is a convolution of the plane-of-the-sky mag-
netic field and the cosmic ray electron density distribu-
tion. Unless the thermal electron and cosmic ray elec-
tron distributions are completely uniform across the en-
tire disk, trends of Faraday depth and polarized intensity
may not reflect those of
∫
B||dl and
∫
B⊥dl. Moreover, the
predicted modulations from their magnetic field model
were plotted at a single fixed galacto-centric radius, but
not averaged across all radii as how the observed trends
were presented. It is unclear whether these character-
istic modulations persist when Faraday depth and po-
larization averaging has been performed across all radii
within an azimuth bin. In order to quantitatively com-
pare the Braun et al. (2010) model and our observed
Faraday depth and polarized intensity trends, a realistic
diffuse ionized gas and cosmic ray electron distribution
11 For M51, the position angle of the receding major axis is 170◦
(Shetty et al. 2007).
of the modeled galaxy is needed so that trends of Fara-
day depth and polarized intensity as a function of az-
imuth can be predicted directly and compared with the
observed values. This topic is outside of the scope of the
current paper and will be addressed in our forthcoming
work.
5.2.2. A Search for Polarized Emission from the Far-side
Halo
Braun et al. (2010) proposed that polarized emission
of a sample of SINGS galaxies at cm wavelengths arises
from a zone 2-4 kpc above the mid-plane in the near-side
halo. If the galaxy is symmetric, then there should exist
a similar synchrotron emitting zone 2-4 kpc below the
mid-plane. Braun et al. (2010) found evidence for this
far-side halo in their WSRT Faraday cube of M51 at a
level of 0.6 mJy beam−1 at a resolution of 90”. Since
this polarized emission from the far-side halo must first
propagate through the galactic disk before reaching us,
it will be dispersed to Faraday depths of ∼ ±200 rad
m−2 due to the disk magnetic field and it will also be de-
polarized (by external Faraday dispersion effects) due to
strong fluctuations of magnetic fields and electron den-
sities in the turbulent disk. We search for the polarized
emission from the far-side halo in our new Jansky VLA
L band data of M51. To increase our sensitivity to weak
and extended emission, we smooth the input Stokes Q
and U image cubes to a resolution of 90”. We then pro-
ceed by remaking the Faraday depth cube at this coarser
resolution. Noise in the resulting Faraday depth cube
is ∼ 0.12 mJy beam−1. Hence, if there exists polarized
emission > 0.6 mJy beam−1, it should be easily detected
at a signal-to-noise level above 5. In Figure 17, we show
the polarized emission of M51 at Faraday depths of −180
rad m−2 and +200 rad m−2.
Contrary to the findings of Braun et al. (2010), we do
not detect significant polarized emission at these Fara-
day depths. There are several possible reasons for this
non-detection. First, the polarized emission detected by
Braun et al. (2010) may be associated with the first side-
lobes of the WSRT RMSF, as the authors have also cau-
tioned in their work. The first side-lobes of the WSRT
RMSF are located at roughly the same Faraday depths
as the expected emission from the far-side halo (±200 rad
m−2), and they have an amplitude ∼ 78% of the main
peak (see Figure 3). Our new Jansky VLA data cover
a more continuous frequency range and have suppressed
the first side lobes amplitude down to < 35% of the main
peak. This makes it much more difficult to confuse side-
lobes with real emission when deconvolving the dirty
Faraday depth spectra. Secondly, we have performed
spatial smoothing in the input Q U cubes (i.e. in λ2 do-
main) while Braun et al. (2010) smoothed the complex
polarization in Faraday depth space. Since RMCLEAN
is a non-linear operation, artifacts can arise when spa-
tial smoothing is done to the deconvolved Faraday depth
cube.
If the far-side halo indeed exists, our non-detection can
be used to estimate turbulent properties in the galac-
tic mid-plane. We assume that the intrinsic brightness
of the far-side halo is the same as that of the near-side
halo (median value ∼ 1.2 mJy beam−1 at 90” resolution).
From our Faraday depth cube at 90” resolution, we find
a 3σ upper limit of the emission from the far-side halo
9to be 0.36 mJy beam−1. We further assume that the
turbulent mid-plane acts as an external inhomogeneous
Faraday screen that depolarizes emission from the far-
side halo according to P/P0 = e
−2σ2RMλ4 . This leads to a
lower limit estimation for the RM variance σRM ≥ 20 rad
m−2 within the 90” beam. We note that this is consistent
with the RM variance inferred from the structure func-
tion analysis using 3cm and 6cm RM data (Section 6.1).
6. ROTATION MEASURE STRUCTURE FUNCTION
ANALYSIS
Structure function of rotation measure contains unique
information on the structure in the magneto-ionic
medium, including turbulence. The second order struc-
ture function is defined as
SFRM(δθ) = 〈[RM(θ)− RM(θ + δθ)]2〉 , (8)
where θ is the projected angular separation between two
sight lines and the angular brackets denote the average
of independent measurements having the same range of
angular separation δθ. Uncertainties in the RM measure-
ments contribute to the observed RM structure function
in the form of a DC offset 〈δRM(θ)2 + δRM(θ + δθ)2〉,
which is subtracted from the measured SFRM(δθ).
Obtaining robust uncertainties associated with
SFRM(δθ) is essential to correctly interpret the struc-
ture function. Since [RM(θ) − RM(θ + δθ)]2 is a
positive-only quantity, values within a δθ bin are not
Gaussianly distributed. Therefore, Gaussian statisti-
cal indicators of the scatter (standard deviation and
standard error in the mean) may no longer be good
representations of the true scatter within a δθ bin. To
obtain realistic error estimates, we utilize the bootstrap
method. While the regular bootstrap approach will
spatially de-correlate Faraday rotation between sight
lines and erase all features in SFRM(δθ), the marked
point bootstrap method is well suited for spatially
correlated data12: instead of resampling the individual
RM values, we resample [RM(θ)−RM(θ+ δθ)]2 in order
to preserve spatial correlations (Loh 2008). The original
RM sample is bootstrapped 500 times and the standard
deviation of the computed SFRMresampled(δθ) in each δθ
bin provides a good estimate for the error in SFRM(δθ).
Throughout this analysis, we assume that the Milky
Way foreground towards M51 is constant (+ 13 rad
m−2), and hence it does not contribute to the structure
function. Any features seen in SFRM(δθ) must therefore
be intrinsic to M51.
Since RM is the line-of-sight integral of the magnetic
field weighted by the thermal electron density, features in
the RM structure function could reflect structures in elec-
tron densities, magnetic fields and/or the path length. In
the following analysis, we assume that the polarized emis-
sion at a given wavelength (3/6 cm and L band) across
M51 emerges from the same physical depth in the galaxy:
for the 3/6cm data through the entire galaxy, and for the
L band data from the top of the synchrotron disk. Hence,
structure function features reflect only structures in elec-
tron densities and magnetic fields but not the path length
difference. Since both the short wavelength (3,6 cm) and
12 This variant of the traditional bootstrap method has been
used to estimate errors of the two-point correlation function of
galaxy distribution.
long wavelength (L band) RM maps exhibit sign rever-
sals, we are confident that fluctuations in magnetic fields
must be present and must contribute to the observed
RM structure functions. To disentangle which features
in the RM structure function are due to the thermal elec-
tron distribution or magnetic field structures requires
independent information on the path-length integrated
electron density distribution. This is provided by emis-
sion measure (EM) structure functions using extinction-
corrected Hα data or by pulsar dispersion measure (DM)
structure functions (only possible for Milky Way works).
However, a joint interpretation is often challenging since
the actual path length probed by EM, DM and RM is
likely to be very different.
6.1. Turbulence in the Disk: RM Structure Function
Using 3 and 6 cm Data
We construct SFRM(δθ) using the rotation measure
map derived from 3 and 6 cm VLA data by Fletcher
et al. (2011) which has a typical RM error of 10 rad
m−2. The resulting RM structure function is shown in
Figure 18. We do not display the structure function on
scales smaller than the resolution of the RM map (logδθ<
−2.3; δθ<15”) because any trends on these scales are
affected by resolution effects. The structure function
computed using short wavelength RMs can be well fit-
ted by a broken power law with a turnover at logδθ =
−1.3 (δθ=3’, or a physical scale 6.7 kpc). Below this
scale, SFRM(δθ) is flat with a slope of 0.10±0.04, sim-
ilar to structure function slopes found in RM maps of
diffuse polarized emission towards the inner Milky Way
(Haverkorn et al. 2004). On larger scales, the structure
function steepens to a slope of 1.40± 0.08.
The amplitude of the flat part of the structure function
saturates at twice the RM variance 2σ2RM = 10
3.8 rad2
m−4, which corresponds to σRM = 56 rad m−2 (since
we do not spatially resolve the turbulence, the true RM
variance is a factor of
√
N larger, where N is the number
of turbulent cells within the beam). Since 3 and 6 cm
polarization data suffer much less Faraday depolariza-
tion effects, the emission likely probes through the entire
galaxy. Hence, the large RM variance reflects the strong
fluctuation in electron densities and magnetic fields in
the turbulent mid-plane of M51. The implied σRM is
in agreement with the non-detection of the far-side syn-
chrotron emitting halo in Section 5.2.2, from which we
derived a lower limit for σRM ≥ 20 rad m−2. We note
that σRM in M51’s disk is similar in magnitude to that
found in the Large Magellanic Cloud (∼ 80 rad m−2)
(Gaensler et al. 2005; Mao et al. 2012b) using struc-
ture function of polarized extragalactic sources behind
the LMC.
On scales smaller than 3’, SFRM(δθ) has a much shal-
lower slope than the expected value of 5/3 (or 2/3) for
3D (or 2D) Kolmogorov turbulence. If fluctuations in
electron densities and magnetic fields in M51’s disk in-
deed follow the Kolmogorov spectrum, then the structure
function must turnover at a scale below the resolution of
the current 3 and 6 cm RM map – the outer scale of
turbulence in the mid-plane of the galaxy thus must be
smaller than 15”, which corresponds to 555 pc at the dis-
tance of M51. This is consistent with the recent result of
Houde et al. (2013), who found a turbulent correlation
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scale < 100 pc by applying angular dispersion analysis
to VLA polarization angle data at 6 cm. Based on the
dispersion of Faraday rotation derived from 3 and 6 cm
VLA data, Fletcher et al. (2011) also independently es-
timated a turbulent cell size of ∼ 50 pc. We note that
the lack of features in SFRM(δθ) on scales < 3’ indicates
that the random magnetic field and electron density fluc-
tuations far dominates over any features produced by the
coherent magnetic field in the disk and the halo of M51.
To verify that the rise in the structure function on
scales larger than 3’ is real and not merely due to the
sampling of pixels in the field of view, we scramble the
RM values across the image and recompute the structure
function. Since the break at 3’ disappears from the struc-
ture function and SFRM(δθ) becomes completely flat, we
conclude that this feature is unlikely an artifact. A large-
scale RM gradient produced by coherent fields in mag-
netic arms of M51 could be responsible for producing
this steep feature in SFRM(δθ). Similar features have
also been detected in the RM structure function of NGC
6946 (Beck 2007), for which the authors also suggested
a magnetic-arm origin. We verify that a large-scale az-
imuthal magnetic field in a ring-like configuration ori-
ented at an inclination angle of 20◦ could indeed produce
an RM structure function with a slope of ∼ 2 at large
angular lags.
6.2. Turbulence in the Halo: RM Structure Function
using L band data
The RM structure function computed using our new
Jansky VLA Faraday depth map at L band is shown
in Figure 19. We do not display the structure func-
tion on scales smaller than the beam size (logδθ<−2.6
or δθ<11”) because it is affected by resolution effects.
The L band RM structure function behaves very differ-
ently from the 3 and 6 cm RM structure function, and
it cannot be satisfactorily fitted by a broken power law.
The general trend of the structure function is as follows:
SFRM(δθ) rises at small scales and has a turnover at
logδθ = −2.1 (δθ = 0.5’, or a physical scale of 1 kpc).
At larger angular scales, the structure function remains
rather flat but with a clear bump at logδθ=−1.4 (δθ =
2.4’, or a physical scale of 5.3 kpc). SFRM(δθ) then steep-
ens once again at logδθ = −1.1 (δθ = 4.8’, or a physical
scale of 10 kpc) to a slope of ∼ 3.6.
A striking difference between the L band and the short
wavelength RM structure function is the presence of a
break at a scale of 1 kpc below which the spectrum
steepens to a slope of approximately 1.5. This slope is
consistent with 5/3, the value predicted from 3D Kol-
mogorov turbulence. Since this scale that we are inter-
ested in is considerably smaller than the largest angular
scale probed, we further divide M51 into 4 quadrants and
recompute the structure function in each quadrant. We
find that the characteristic break at 1 kpc is present in
the RM structure function in each quadrant. Thus, we
believe this feature is not merely produced by a local-
ized region, but rather it appears to be present across
the entire galaxy.
We note that the overall amplitude in the flat part of
the L band RM structure function is 2σ2RM = 200 rad
2
m−4, which corresponds to an RM variance of 10 rad
m−2, is similar to the value computed from RMs of ex-
tragalactic sources at high Galactic latitudes in our own
Milky Way (Mao et al. 2010; Schnitzeler 2010). This σRM
is a factor of 5 smaller than that implied from the short
wavelength RM structure function in Section 6.1. This
once again reflects the difference in the polarization hori-
zon when observing at different wavelengths at similar
resolutions: unlike short wavelength polarized emission
that probe through the entire galaxy, L band polarized
emission originates from a shallower depth in the galaxy
(i.e. the near-side halo) and hence do not probe through
the turbulent mid-plane where large fluctuations in elec-
tron densities and magnetic fields produce a much larger
RM variance.
In order to interpret the RM structure function pro-
duced in the less turbulent halo, where random fields no
longer dominate over the uniform component, we must
first remove any structure function features produced by
the large-scale halo magnetic field. In Figure 19, we plot
the structure function expected from the Fletcher et al.
(2011) best fit large-scale halo field model as the dashed
curve (after subtracting the noise contribution due to
uncertainties in the modeled parameters). Although the
large-scale halo field alone cannot account for the over-
all amplitude of the observed RM structure function at
L band and it cannot produce the break at δθ=0.5’, it
is evident that the bump in SFRM(δθ) at δθ ∼ 2.4’ is
produced by the large-scale halo magnetic field. We note
that the steepening of the structure function at angular
lags > 4.8’ is not predicted by the Fletcher large-scale
halo field. This suggests that there could be an addi-
tional large-scale magnetic field component in the halo
not modeled by Fletcher et al. (2011). In addition, we
plot the structure function expected from turbulence that
has an outer scale of log(δθ)∼−2.1 (physical scale of 1
kpc) below which the structure function has a slope of
1.5 and above which the structure function saturates at
2σ2RM=10
2 rad2 m−4 (σRM ∼ 7 rad m−2) as the dotted
line in Figure 19. The sum of these two structure func-
tions is denoted as the solid curve in the same Figure.
One immediately recognizes that several key features of
SFRM(δθ) can be reproduced by the solid curve: (i) the
slope of the structure function below < 1 kpc; (ii) the
turnover location of the structure function at approxi-
mately 1 kpc; (iii) the bump at a scale of ∼ 5.3 kpc.
We emphasize that this is not a fit to the structure func-
tion, but rather a demonstration that the sum of the RM
structure function produced by the Fletcher large-scale
halo field and that of a three-dimensional Kolmogorov
turbulence with an outer scale of 1 kpc can reproduce
key features in the observed RM structure function at L
band.
We interpret the turnover scale at 1 kpc as the outer
scale of turbulence in the magneto-ionic medium in M51’s
halo. This outer scale is consistent with the result of our
pixel-by-pixel QU fit in Section 3.4, where we find lit-
tle wavelength-dependent depolarization across L band.
This is because any beam depolarization effects caused
by an external inhomogeneous Faraday screen is domi-
nated by the largest fluctuations on scales comparable
to the outer scale of turbulence. In our case, the tur-
bulence is spatially resolved (the beam of our L band
observations ∼ 11”  0.5’), resulting in no/little exter-
nal Faraday dispersion.
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6.3. The Source of Turbulence in the Halo of M51
The implied 1 kpc outer scale of turbulence in the halo
of M51 is considerably larger than that inferred in the
disk of M51 (< 100 pc). It also exceeds the scales in-
ferred in the Milky Way based on structure functions
of extragalactic RMs: few pc in arm regions and ∼100
pc in inter-arm regions (Haverkorn et al. 2006, 2008).
An increase in the magnetic field correlation length has
already been deduced in a number of edge-on galaxies
by modeling the decrease in depolarization as a func-
tion of height above and below the mid-plane (Dumke
et al. 1995). Recently, Shneider et al. (2014a,b) have
also derived a larger turbulent correlation length in the
halo (215−638 pc) than in the disk (40−52 pc) in M51
by fitting an analytical depolarization model to observa-
tions at 3, 6 and 20 cm. However, the authors acknowl-
edge that the derived halo cell size is likely very uncer-
tain since the fitting algorithm has the assumption that
the beam diameter (600pc) largely exceeds the turbulent
cell size, which is likely not true in the halo. In galactic
disks, HII regions and supernova remnants are thought to
be the main drivers of turbulence, while other processes
may dominate the energy input in galactic halos (see
e.g., Beck et al. 1996; Elmegreen & Scalo 2004). In this
section, we specifically consider two possible drivers of
turbulence in the halo of M51: superbubbles and Parker
instability.
The co-location of a hole in neutral hydrogen and
a rotation measure gradient of diffuse polarized emis-
sion at L band in the nearby face-on galaxy NGC 6946
(Heald 2012) hints at a possible connection between en-
ergetic events that form superbubbles and structures the
magneto-ionic medium. We search for coincidence of RM
gradients and HI holes in M51 by using the HI hole cata-
logue from the THINGS survey (Bagetakos et al. 2011).
More than 2/3 of the HI holes in the disk of M51 are
located in regions devoid of L band polarized emission
because holes identified in HI maps are likely in the
disk where the density contrast is higher but where syn-
chrotron emission is completely depolarized at L band.
We do not find significant RM gradients across HI holes
that do fall within the polarized regions. The rarity of
such a detection is due to the fact that (1) the HI hole
has to be at a certain azimuthal position in order to pro-
duce an observable RM gradient, and (2) vertical shear-
ing will destroy polarization signatures of the holes so
they have to be in a certain age range. Therefore, the
lack of correlation between RM gradient and HI holes
should not be taken as an evidence against superbub-
bles being the energy injection scale in the halo of M51.
Although the median diameter ∼ 700 pc of HI holes in
M51 is seemingly too small compared to the outer scale
of 1 kpc implied from our structure function analysis,
this can be reconciled by taking into account that hot
gas parcels from supernova remnants and superbubbles
would expand as they rise above/below the mid-plane. In
the recent numerical simulation of the magnetized ISM
of Gent et al. (2013), the authors found an increase in
the correlation length scale by a factor of 1.5−3 between
the mid-plane and 800 pc above the plane. This suggests
that by the time the bubbles rise to the top of the syn-
chrotron disk at L band, their characteristic size would
be at least 1 kpc, which is consistent with the outer scale
found in our structure function analysis. Therefore, the
observed 1 kpc magnetized halo correlation length scale
is consistent with superbubbles driving turbulence in the
halo of M51. However, to definitively draw this conclu-
sion, we require wide-band polarimetry at S band (2-4
GHz) to probe closer to the turbulent mid-plane (z <
1.2 kpc). If one finds a smaller turbulent correlation
length of the magnetized medium and more coincidence
between HI holes and RM gradients at S band, then it
will strengthen the argument for superbubbles being the
main energy driver in the halo and producing imprint
onto the RM structure function.
Another plausible source of turbulence in the halo of
M51 is the Parker instability13 (Parker 1966) which is the
instability experienced by a purely horizontal magnetic
field under vertical perturbations. Cosmic ray pressure
inflates magnetic field lines into the halo causing material
to slide down the field lines, which in turn further inflates
the field due to buoyancy. In fact, Parker (1992) sug-
gested that the entire surface of a galactic disk (on both
sides) is packed with Parker loops with a characteristic
scale of 0.1−1 kpc. Three-dimensional MHD simulations
by Kim et al. (2002) found the dominant growing mode
to be 10-20 times the scale height of the gas disk in the
direction of the magnetic field. For M51, which has an
HI scale height of 160 pc (Bagetakos et al. 2011), Parker
loops in the galaxy can have a characteristic scale of ∼ 1-
3 kpc. If these magnetized loops thread the warm ionized
medium of M51, then they can produce RM sign reversals
(after the Galactic foreground and the large-scale mag-
netic fields have been accurately subtracted from the ob-
served RM) and leave imprints onto the long wavelength
(L band) RM structure function14. We note that it is
challenging to identify by eye positive and negative RM
patches separated by ∼ 1 kpc in our L band RM map
because there exists fluctuations on smaller scales that
are superposed on top of this positive/negative pattern.
Since the inferred outer scale in M51’s halo matches
well with the expected size of Parker loops, we propose
that the 1 kpc outer scale inferred from the L band RM
structure function could be produced by Parker instabil-
ities. Turbulence in the halo can be driven by Parker
instability and then cascade down to smaller scales via
inherit short wavelength structures perpendicular to the
initial field direction as well as induced shear flow in-
stabilities (e.g., Kim et al. 2001). In theory, these short
wavelength structures should be visible in both the Fara-
day depth map and the structure function. However, the
wavelength of this mode is often very small (much smaller
than the disk scale height, in the case of M51 << 160pc)
(Kim et al. 2002) and hence it cannot be resolved by our
L band observations which have a resolution of 370 pc.
If Parker instability indeed exists, then high resolution
polarization observations should reveal very small scale
13 also known as magnetic buoyancy instability.
14 We suggest that it is much easier to search for signatures of
Parker loops in RM maps produced by long wavelength data be-
cause only the near-side halo of the galaxy is visible in polarization.
At shorter wavelengths, polarized emission probes through the tur-
bulent mid-plane, and thus relatively weak features produced by
Parker instabilities would be completely washed out by strong RM
fluctuations in the mid-plane. In fact, Fletcher et al. (2011) were
not able to find any periodic RM pattern in the short wavelength
(3 and 6 cm) RM map and took this as a lack of evidence for Parker
loops.
12 Mao et al.
RM fluctuations perpendicular to the direction of the
large-scale fields. While a magnetic field reversal along
an arc feature in the halo of M31 had been interpreted as
a Parker instability loop anchored in a massive HI cloud
(Beck et al. 1989), the evidence that we present in this
work is the first to suggest that Parker loops could be
present across the entire galactic halo, and not just in a
single loop associated with an individual gas cloud. We
note that our argument presented here is solely based
on the characteristic scale of RM fluctuation. As future
work, comparing mock Faraday rotation maps and struc-
ture functions generated from numerical simulations of
Parker instability with wide-band polarization observa-
tions is crucial to further constrain properties of turbu-
lence in galactic halos.
If the observed 1 kpc correlation length in the halo of
M51 indeed corresponds to Parker instability loops, it
has important implications on the large-scale magnetic
field amplification mechanism in galaxies. Inflated mag-
netized loops in the halo together with magnetic recon-
nections can lead to the fast cosmic-ray-driven dynamo
effect (Parker 1992; Hanasz et al. 2004). This more effi-
cient α-effect can lead to much shorter growth time than
the classical α-ω dynamo, on times scales of few hundred
Myrs. This process will allow coherent magnetic fields
to be established in young galaxies, as well as galax-
ies undergoing tidal interactions, such as the Magellanic
Clouds (Gaensler et al. 2005; Mao et al. 2008, 2012b)
and M51 itself. Parker loops allow the transportation of
magnetic flux into the halo and may be the key ingre-
dient for the existence of large-scale magnetic fields in
galactic halos.
7. CONCLUSIONS AND FUTURE WORK
In this paper, we have presented new wide-band, multi-
configuration Jansky VLA polarization observations of
M51 at L band which have the best λ2 coverage in this
frequency range to date. For the first time, we have fitted
the observed diffuse polarized emission from an external
galaxy as a function of λ2 directly to various models of
the Faraday rotating and synchrotron emitting medium.
The majority of sight lines through M51 do not exhibit
λ-dependent depolarization across L band and therefore
their Q(λ2) and U(λ2) are well fitted by Faraday rotation
occurring in an external uniform screen. This is consis-
tent with the picture of polarized emission at L band
being originated from the top layer of the synchrotron
emitting disk and then Faraday rotated in the thermal
halo. Using the deduced relative extent of the syn-
chrotron emitting gas and the thermal gas (warm ionized
medium), the synchrotron cooling time scale, and a cos-
mic ray diffusion coefficient similar to that in the Milky
Way, the warm ionized medium scale height in M51 is
estimated to be at least 1.2 kpc. The predicted Fara-
day depth distribution from the Fletcher et al. (2011)
bisymmetric halo magnetic field model at L band and our
observed RMs can be reconciled by introducing an addi-
tional vertical coherent magnetic field component (RM
= −9 rad m−2) in the halo, which could be of primordial
or dynamo origin. With the improved wavelength cov-
erage of our observations and hence a narrower rotation
measure spread function with lower side-lobe levels, we
do not detect any polarized emission from the far-side
halo at Faraday depths of ∼ ± 200 rad m−2 as suggested
by Braun et al. (2010). This non-detection implies that
the turbulent mid-plane must have an RM variance that
exceeds 20 rad m−2, which is consistent with the short
wavelength (3 cm and 6 cm) RM variance. The RM
structure function derived using 3 and 6 cm data (which
probe through the entire galaxy) shows no break on small
angular scales, implying that the energy injection scale
in M51’s disk is smaller than the resolution of the obser-
vation (< 560 pc). On the other hand, the RM structure
function of L band data (which only probe through the
halo) has a break at 1 kpc. Both superbubble-driven
and Parker instability-driven turbulence could produce
correlation lengths of approximately 1 kpc in the halo of
M51.
Throughout this paper, we have demonstrated the im-
portance of wide-band polarization data when extract-
ing properties of magnetic fields and turbulence in the
underlying magneto-ionic medium. Future wide-band
polarization observations between 6 cm and 18 cm (S
band) can probe deeper into the galaxy and may reveal
connections between large-scale fields in the disk and in
the halo and possibly reveal a stronger correlation be-
tween HI holes and the RM distribution. We can con-
firm or rule out the existences of Parker loops in M51’s
halo by obtaining even higher spatial resolution L band
polarization data to search for short wavelength fluctua-
tions in Faraday rotation perpendicular to the direction
of the large-scale magnetic field. Finally, to understand
global large-scale halo magnetic field configurations and
to evaluate the universality of superbubble and Parker
instability-driven turbulence in galactic halos, a system-
atic polarization survey of mildly inclined galaxies at L
and S bands would be of crucial importance.
APPENDIX
MODELS FOR THE FARADAY ROTATING MEDIUM USED FOR THE DIRECT Q U FITS
We summarize in the different models which are used to fit the observed Q/I and U/I of extragalactic sources and
the diffuse polarized emission.
First, we consider the simplest model where intrinsic polarized background emission with a fractional polarization p0
and an intrinsic polarization angle φ0 propagates through a uniform foreground screen which has a rotation measure
RM. In this case, the observed fractional complex polarization ~p is
~p = p0e
2i(φ0+RMλ
2). (A1)
In the case of an inhomogeneous foreground screen, under the assumption that the turbulent cell size is much smaller
than the beam size, polarized intensity is reduced due to the varying RM within the beam by the so-called external
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Faraday dispersion effect (Burn 1966; Tribble 1991). The fractional complex polarization becomes
~p = p0e
−2σ2RMλ4e2i(φ0+RMλ
2), (A2)
where the RM variance σRM quantifies the fluctuations in electron densities and magnetic fields within the beam.
If only part of the background polarized radiation passes through the foreground inhomogeneous screen, the complex
polarization depends on the fraction of the background source covered by the inhomogeneous screen fc,
~p = p0[fce
−2σ2RMλ4 + (1− fc)]e2i(φ0+RMλ2). (A3)
We then consider the case where there is differential depolarization intrinsic to the background source (the classical
Burn slab with a total Faraday depth R, Burn (1966)) and the radiation then pass through a uniform foreground
screen with a Faraday rotation of RM
~p = p0
sinRλ2
Rλ2
e2i(φ0+
1
2Rλ
2+RMλ2). (A4)
If there is internal Faraday dispersion occurring within the background source characterized by σRM, then the
expected complex fractional polarization is:
~p = p0
1− e−S
S
e2i(φ0+RMλ
2), where S = 2λ4σ2RM − 2iλ2R (A5)
Finally, there is the possibility that the observed polarized emission is the sum of two different polarization compo-
nents, A and B:
~p = p0,Ae
2i(φ0,A+RMAλ
2) + p0,Be
2i(φ0,B+RMBλ
2). (A6)
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Table 1
Coordinates of polarized extragalactic background sources in the field of view
Source Name RA(J2000)(hms) DEC(J2000)(dms) Distance from the center of FOV(’)
J1330+4703a 13:30:45.085 +47:03:08.76 12.1
J1330+4703b 13:30:45.286 +47:03:28.76 11.9
J1329+4658a* 13:29:32.315 +46:58:45.38 13.2
J1329+4658b* 13:29:28.796 +46:58:49.34 13.3
J1329+4658c* 13:29:39.153 +46:59:09.45 12.5
J1331+4713a* 13:31:22.554 +47:13:21.32 15.3
J1331+4713b* 13:31:27.452 +47:13:01.08 16.1
J1330+4710 13:30:15.978 +47:10:23.36 4.0
J1329+4717* 13:29:41.628 +47:17:35.46 6.5
J1330+4730 13:30:32.513 +47:30:55.08 20.6
J1329+4706 13:29:31.089 +47:6:27.37 6.2
1
6
M
a
o
e
t
a
l
.
Table 2
Results of Stokes QU fit for all polarized extragalactic sources within 20’ of
the field center.
Source Name Model p0,A φ0,A RMA σRM fc R p0,B φ0,B RMB χ
2
r DOF BIC
(fraction) (rad) (rad m−2) (rad m−2) (fraction) (rad m−2) (fraction) (rad) (rad m−2)
J1330+4703a i 0.067 ± 0.002 4.60 ± 0.05 +17. ± 1. - - - - - - 2.727 87. -524.
ii 0.095 ± 0.004 4.57 ± 0.04 +17.2 ± 0.8 8.4 ± 0.6 - - - - - 1.584 86. -621.
iii 0.11 ± 0.01 4.58 ± 0.04 +17.0 ± 0.8 16. ± 3. 0.58 ± 0.05 - - - - 1.527 85. -624.
iv 0.092 ± 0.004 4.57 ± 0.04 +4. ± 1. - - +27. ± 2. - - - 1.611 86. -619.
v 0.098 ± 0.005 4.50 ± 0.05 +12. ± 4. 11. ± 3. - +14. ± 9. - - - 1.544 85. -622.
vi 0.067 ± 0.002 4.59 ± 0.05 +17. ± 1. - - - 0.007 ± 0.002 3.7 ± 0.3 +153. ± 7. 2.344 84. -553.
J1330+4703b i 0.046 ± 0.003 0.2 ± 0.1 +10. ± 2. - - - - - - 2.235 87. -459.
ii 0.046 ± 0.003 0.2 ± 0.1 +10. ± 2. 0. ± 4. - - - - - 2.261 86. -455.
iii 0.046 ± 0.003 0.2 ± 0.1 +10. ± 2. 0. ± 0. 1. ± 0. - - - - 2.287 85. -455.
iv 0.046 ± 0.003 0.2 ± 0.1 +10. ± 7. - - -0. ± 10 - - - 2.261 86. -455.
v 0.046 ± 0.003 0.2 ± 0.1 +10. ± 7. 0. ± 5. - +0. ± 10 - - - 2.287 85. -452.
vi 0.005 ± 0.003 -5. ± 1. +112. ± 20 - - - 0.045 ± 0.003 0.2 ± 0.2 +11. ± 3. 2.222 84. -456.
J1329+4658a i 0.24 ± 0.01 0.3 ± 0.1 +13. ± 2. - - - - - - 3.171 87. -117.
ii 0.47 ± 0.06 0.2 ± 0.1 +16. ± 2. 12. ± 1. - - - - - 2.375 86. -185.
iii 1. ± 0. 0.26 ± 0.08 +15. ± 2. 26. ± 2. 0.82 ± 0.02 - - - - 2.178 85. -202.
iv 0.41 ± 0.04 0.2 ± 0.1 -1. ± 2. - - +34. ± 3. - - - 2.449 86. -179.
v 0.6 ± 0.1 0.0 ± 0.2 +13. ± 4. 20. ± 5. - +22. ± 10 - - - 2.281 85. -192.
vi 1. ± 0. -0.6 ± 0.1 +27. ± 3. - - - 0.83 ± 0.02 0.6 ± 0.2 +32. ± 4. 2.280 84. -190.
J1329+4658b i 0.16 ± 0.01 5.2 ± 0.2 +11. ± 3. - - - - - - 2.889 87. -139.
ii 0.45 ± 0.07 5.3 ± 0.1 +9. ± 3. 14. ± 1. - - - - - 2.005 86. -214.
iii 0.7 ± 0.2 5.3 ± 0.1 +9. ± 2. 21. ± 3. 0.86 ± 0.03 - - - - 1.926 85. -219.
iv 0.35 ± 0.04 5.2 ± 0.1 -9. ± 3. - - +38. ± 2. - - - 2.104 86. -206.
v 0.7 ± 0.2 5.8 ± 0.2 +8. ± 4. 23. ± 6. - -42. ± 10 - - - 1.882 85. -223.
vi 0.5 ± 0.5 5.0 ± 0.3 -7. ± 7. - - - 0.6 ± 0.5 6.1 ± 0.3 -0. ± 6. 2.060 84. -206.
J1329+4658c i 0.124 ± 0.003 0.77 ± 0.05 +16. ± 1. - - - - - - 35.119 87. 2163.
ii 0.202 ± 0.005 0.76 ± 0.02 +16.7 ± 0.4 10.3 ± 0.2 - - - - - 5.118 86. -449.
iii 0.258 ± 0.009 0.76 ± 0.01 +16.6 ± 0.3 18.3 ± 0.7 0.69 ± 0.01 - - - - 2.621 85. -662.
iv 0.189 ± 0.004 0.76 ± 0.02 +1.1 ± 0.6 - - +31.3 ± 0.7 - - - 6.408 86. -338.
v 0.218 ± 0.005 0.68 ± 0.03 +14. ± 1. 16.0 ± 0.7 - +11. ± 4. - - - 3.747 85. -567.
vi 0.121 ± 0.003 0.78 ± 0.05 +16. ± 1. - - - 0.011 ± 0.003 0.3 ± 0.4 -181. ± 8. 30.130 84. 1650.
J1331+4713a i 0.106 ± 0.001 0.58 ± 0.03 +12.1 ± 0.5 - - - - - - 6.655 87. -306.
ii 0.131 ± 0.003 0.64 ± 0.02 +10.7 ± 0.4 6.9 ± 0.3 - - - - - 2.708 86. -648.
iii 0.131 ± 0.005 0.64 ± 0.02 +10.7 ± 0.4 8. ± 4. 0.9 ± 0.7 - - - - 2.739 85. -645.
iv 0.129 ± 0.002 0.64 ± 0.02 -0.7 ± 0.7 - - +22.8 ± 0.9 - - - 2.716 86. -648.
v 0.132 ± 0.003 0.69 ± 0.02 +16. ± 3. 8. ± 2. - -14. ± 6. - - - 2.623 85. -655.
vi 0.04 ± 0.01 0.5 ± 0.3 -2. ± 5. - - - 0.11 ± 0.01 0.83 ± 0.09 +11. ± 2. 2.587 84. -656.
J1331+4713b i 0.117 ± 0.002 0.28 ± 0.02 +6.4 ± 0.5 - - - - - - 5.985 87. -316.
ii 0.127 ± 0.005 0.30 ± 0.03 +6.0 ± 0.5 4. ± 1. - - - - - 5.725 86. -340.
iii 0.127 ± 0.005 0.30 ± 0.03 +6.0 ± 0.5 4. ± 1. 1. ± 0. - - - - 5.792 85. -338.
iv 0.127 ± 0.005 0.30 ± 0.03 +13. ± 2. - - -15. ± 3. - - - 5.718 86. -341.
v 0.129 ± 0.006 0.32 ± 0.03 +11. ± 4. -5. ± 3. - -10. ± 7. - - - 5.727 85. -342.
vi 0.011 ± 0.007 1.5 ± 0.6 -29. ± 20 - - - 0.111 ± 0.007 0.28 ± 0.09 +7. ± 2. 5.347 84. -376.
J1330+4710 i 0.0762 ± 0.0007 4.01 ± 0.02 +26.0 ± 0.4 - - - - - - 1.113 87. -750.
ii 0.082 ± 0.002 4.01 ± 0.02 +26.1 ± 0.4 3.7 ± 0.5 - - - - - 0.962 86. -760.
iii 0.082 ± 0.002 4.01 ± 0.02 +26.1 ± 0.4 3.7 ± 0.5 1. ± 0. - - - - 0.973 85. -756.
iv 0.082 ± 0.002 4.01 ± 0.02 +19.7 ± 0.9 - - +13. ± 2. - - - 0.961 86. -760.
v 0.082 ± 0.002 4.00 ± 0.02 +22. ± 3. 4. ± 2. - +8. ± 6. - - - 0.961 85. -757.
vi 0.074 ± 0.002 4.05 ± 0.03 +25.0 ± 0.7 - - - 0.005 ± 0.002 2.6 ± 0.4 +64. ± 9. 0.851 84. -764.
J1329+4717 i 0.111 ± 0.004 5.71 ± 0.07 +23. ± 1. - - - - - - 2.555 87. -394.
ii 0.19 ± 0.01 5.70 ± 0.04 +23.5 ± 0.9 10.3 ± 0.5 - - - - - 1.127 86. -515.
iii 0.25 ± 0.03 5.70 ± 0.04 +23.5 ± 0.8 19. ± 2. 0.70 ± 0.03 - - - - 1.013 85. -522.
iv 0.176 ± 0.008 5.70 ± 0.04 +8. ± 1. - - +31. ± 1. - - - 1.185 86. -510.
v 0.21 ± 0.01 5.7 ± 0.1 +24. ± 3. 17. ± 1. - -2. ± 10 - - - 1.085 85. -516.
vi 0.8 ± 0.9 4.97 ± 0.09 +19. ± 6. - - - 0.8 ± 0.9 6.41 ± 0.09 +21. ± 6. 1.136 84. -509.
J1329+4706 i 0.172 ± 0.009 29. ± 6. +22. ± 2. - - - - - - 1.703 87. -265.
ii 0.36 ± 0.03 32. ± 4. +21. ± 2. 12.0 ± 0.9 - - - - - 1.038 86. -320.
iii 0.51 ± 0.09 3.69 ± 0.07 +21. ± 2. 20. ± 3. 0.79 ± 0.03 - - - - 0.980 85. -322.
iv 0.31 ± 0.02 32. ± 5. +3. ± 2. - - +35. ± 2. - - - 1.082 86. -316.
v 0.43 ± 0.06 42. ± 10 +22. ± 3. 20. ± 3. - -16. ± 10 - - - 0.998 85. -321.
vi 3. ± 9. 176. ± 10 +11. ± 6. - - - 3. ± 9. 4.56 ± 0.07 +12. ± 3. 1.047 84. -314.
Table 2 — Continued
Source Name Model p0,A φ0,A RMA σRM fc R p0,B φ0,B RMB χ
2
r DOF BIC
(fraction) (rad) (rad m−2) (rad m−2) (fraction) (rad m−2) (fraction) (rad) (rad m−2)
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Table 3
Properties of extragalactic polarized background sources that are in both this
work and Farnes et al. (2013)
Source Name FD Fractional Polarization FD Fractional Polarization
at L band at L band at 610 MHz at 610 MHz
(rad m−2) (rad m−2)
J1330+4703a +16.6 ± 0.3 0.14 ± 0.01 +11.15 ± 0.05 0.0172 ± 0.0009
J1330+4703b +26.0 ± 0.4 0.0762 ± 0.0007 +33.52 ± 0.03 0.018 ± 0.002
J1329+4658c +17.2 ± 0.8 0.076 ± 0.004 −3.240 ± 0.04 0.020 ± 0.002
J1331+4713a +10 ± 2 0.046 ± 0.003 −15.97 ± 0.03 0.027 ± 0.002
J1331+4713b +10.7 ± 0.4 0.112 ± 0.003 +11.51 ± 0.03 0.068 ± 0.002
J1330+4710 +6.0 ± 0.5 0.119 ± 0.006 +7.67 ± 0.04 0.072 ± 0.003
18 Mao et al.
Figure 1. Stokes I multi-frequency synthesis map of M51 at 1.478 GHz using the new wide-band multi-configuration VLA data.
19
Figure 2. Spectral index map of M51 at L band using the new wide-band multi-configuration VLA data. Pixels with signal-to-noise less
than 3 have been masked.
20 Mao et al.
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Figure 3. Comparison between the rotation measure spread function of our data (solid line) and that of Heald et al. (2009) (dashed line).
The more continuous frequency coverage of our Jansky VLA data not only provides an improved resolution in Faraday depth space, it also
significantly suppresses the amplitude of the first side-lobe from ∼ 78% down to < 35%.
21
0.03 0.04 0.05 0.06 0.07
λ2 (m2)
0.00
0.05
0.10
Q/
I a
nd
 U
/I
−0.04−0.020.00 0.02 0.04 0.06 0.08
Q/I
0.00
0.05
0.10
U/
I
0.03 0.04 0.05 0.06 0.07
λ2 (m2)
−0.05
0.00
0.05
0.10
0.15
0.20
Fr
ac
tio
na
l P
ol
ar
iz
at
io
n
0.03 0.04 0.05 0.06 0.07
λ2 (m2)
−3
−2
−1
0
1
2
3
Po
la
riz
at
io
n 
An
gl
e 
(ra
d)
Figure 4. Polarized emission of source J1330+4703b and the corresponding best fit (solid line) to the uniform external Faraday screen
model. We show the fractional Q (filled squares) and U (filled circles) versus λ2 in the top left plot. The top right plot shows the Q/I-U/I
track. The bottom left plot shows the fractional polarization versus λ2 trend. The bottom right plot shows how polarization angles vary
across L band.
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Figure 5. Polarized emission of source J1329+4717 and the corresponding best fit (solid line) to the inhomogeneous external Faraday
screen model. This figure has the same layout as in Figure 4.
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Figure 6. Comparison of Faraday depths of extragalactic background sources reported in Heald et al. (2009) against the Faraday depths
derived from our Jansky VLA L band data. The solid line of slope 1 indicates where Heald et al. (2009) and our VLA Faraday depths
agree with each other.
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Figure 7. Faraday depth distribution of M51 at L band derived from RM synthesis. The color scale is in the unit of rad m−2.
25
Figure 8. The de-biased polarized intensity of M51 at the peak of the Faraday depth spectrum.
26 Mao et al.
Figure 9. Faraday rotation-corrected intrinsic magnetic field orientations (orange line segments) and the polarized intensity contour (blue)
at 65 µJy beam−1 overlaid on a B band Hubble Space Telescope image of M51 (Mutchler et al. 2005).
27
Figure 10. A map of M51 showing the spatial distribution of the best-fit model from directly fitting to Stokes Q and U . Sight lines with
Q U versus λ2 behaviors best fitted by a uniform external Faraday screen are denoted by the white pixels. Sight lines with Q U versus λ2
behaviors best fitted by an inhomogeneous external Faraday screen are denoted by the black pixels. Pixels with insufficient signal-to-noise
detection in polarization have been blanked (grey).
28 Mao et al.
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Figure 11. Polarized emission along a sight line towards M51 and its corresponding best fit (solid line) to the uniform external Faraday
screen model. This figure has the same layout as in Figure 4.
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Figure 12. Polarized emission along a sight line towards M51 and its corresponding best fit (solid line) to the inhomogeneous external
Faraday screen model. This figure has the same layout as in Figure 4.
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Figure 13. Structure function of complex polarization (dots) and polarized intensity (crosses) across M51 at L band.
31
Figure 14. Top: Faraday depth distribution of M51 at L band after removing the constant Milky Way contribution of +13 rad m−2.
Middle : The predicted Faraday depth distribution of M51 from the Fletcher et al. (2011) bisymmetric halo model. Bottom: The predicted
Faraday depth distribution of M51 from the Fletcher et al. (2011) bisymmetric halo field with the addition of a vertical field that produces
a Faraday depth of −9 rad m−2.
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Figure 15. Peak polarized intensity in our Faraday depth cube plotted as a function of azimuth. Only pixels with signal-to-noise detection
in polarization greater than 7 have been averaged in 10◦ bins across all radii. Error bars represent the standard deviation of polarized
intensity within a bin.
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Figure 16. Peak Faraday depth in our Faraday depth cube plotted as a function of azimuth. Only pixels with signal-to-noise detection in
polarization greater than 7 have been averaged in 10◦ bins across all radii. Error bars represent the standard deviation of Faraday depth
within a bin.
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Figure 17. Polarized emission of M51 at a Faraday depth of −180 rad m−2 (left) and +200 rad m−2 (right) at a resolution of 90”. The
contour roughly outlines the location of M51: it is the polarized intensity contour at the peak of the Faraday depth cube at a level of 0.96
mJy beam−1. No significant polarized emission is detected.
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Figure 18. Rotation measure structure function of M51 constructed from the short wavelength (3 and 6 cm) RM map. The structure
function has been binned in equal log interval of 0.1. The error bars denote the bootstrapped uncertainty of SFRM in each bin. The solid
line is a broken power law fit to SFRM with a break at 3’.
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Figure 19. Rotation measure structure function of M51 constructed from our newly derived L band RMs. The structure function has been
binned in equal log interval of 0.1. The error bars denote the bootstrapped uncertainty of SFRM in each bin. The dashed line represents
the RM structure function expected from the best fit large-scale halo magnetic field in Fletcher et al. (2011). The dotted line represents
the structure function expected from three-dimensional Kolmogorov turbulence that has an outer scale of 29” (approximately 1 kpc at the
distance of M51) and a variance of 7 rad m−2. The solid line is the sum of the structure function of the large-scale halo field and that of
the Kolmogorov turbulence.
